The absolute stereostructure of luminamicin, an anaerobic antibiotic, has been determined by using conformational analysis via high-temperature molecular dynamics, NMR spectroscopy, and the modified Mosher method. It was found that luminamicin has the S, S, R, R, R, R, S, S, S, R, and S configurations at C2, C4, C7, C9, C10, C11, C12, C13, C16, C28, and C29, respectively. This configuration is the same as that found in nodusmicin, which has a chemical structure quite similar to luminamicin. The structure of luminamicin consists of three different rings, i.e., a decalin ring, a 10-membered macrolactone ring, and a 14-membered macrolactone ring. The resulting three-dimensional structure of luminamicin shows an interesting feature in that the maleic anhydride functionality in conjugation with the enol ether group of the 14-membered macrolactone is nearly perpendicular to the plane of the other two rings.
T he emergence of resistance against generally used antibiotics will be a long-lasting serious clinical problem. We need to continue developing new medicines that have unique mechanisms of action. We have found previously uncharacterized antianaerobe antibiotics of actinomycetes origin, thiotetromycin (1), clostomicin (2) , luminamicin (3) , and lustromycin (4, 5) . The structure of luminamicin ( Fig. 1 ) was identical to that of coloradocin, which was isolated by McAlpine (6) . Luminamicin showed selective activity against anaerobic and microaerophilic bacteria, including pathogenic species of Clostridium, Neisseria, and Haemophilus, whereas it was not active against most aerobic bacteria (3, 6) . Interestingly, structurally related antibiotics, nodusmicin (7) and nargenicin (8) , are reported to inhibit some aerobic bacteria. Therefore, the additive macrocyclic structure of luminamicin seems to be important in exerting its selective antianaerobic microbial activity. In conjunction with our continuing program directed toward the structure elucidation and synthesis of important antimicrobial natural products, we describe here the elucidation of the absolute stereochemistry of luminamicin.
The preliminary NMR study of luminamicin could explain only relative configuration with respect to C4, C7, C9, C10, C11, C12, and C13, but could not provide any absolute configuration of chiral carbon atoms of luminamicin (6) . Recently, we have determined the stereostructure of choloropeptin I, an unusual chlorinated hexapeptide with selective anti-HIV activities, by inhibiting the binding between HIV gp120 envelope protein and CD4 protein, using a combination method of conformational analysis via high-temperature molecular dynamics (MD) and NMR spectroscopy (9) (10) (11) . Among six amino acids involved in choloropeptin I, three were established to be all R configurations by acidic hydrolysis, but the other three had not been assigned. In that study, we just needed to consider eight different diastereomers. Therefore, NMR spectroscopy has been applied successfully to determine the stereochemistry of choloropeptin I. However, in the case of luminamicin, we have no absolute configuration of chiral carbon atoms and need to consider both diastereomers and enantiomers. Therefore, only applying NMR spectroscopy is not enough to determine the absolute stereochemistry of luminamicin, because it can provide only relative structural information. However, the modified Mosher method is well known to give an absolute configuration for a chiral carbon atom with a hydroxyl group (12, 13) . Luminamicin has two chiral carbon atoms attached to a hydroxyl group. Therefore, we can expect that the modified Mosher method will be able to assign an absolute configuration for each of these carbons atoms.
In this study, we use a combination of conformational analysis via high-temperature MD, NMR spectroscopy, and the modified Mosher method to determine the absolute stereochemistry of luminamicin. Once we obtain at least one absolute configuration by the modified Mosher method, we can assign absolute configurations for other chiral carbon atoms using relative structural information derived from NMR spectroscopy. We will show that this combination method is very powerful, even when it is necessary to consider both diastereomers and enantiomers.
Methods
NMR Experiments. Luminamicin (1) was prepared as described in ref. 3 . The sample of 10 mg was dissolved in 0.6 ml of CDCl 3 . All NMR spectra were recorded on a Varian INOVA600 spectrometer operating at 600 MHz for the proton frequency at 30°C. A relaxation delay of 2.0 s was used in all experiments. The 1D proton spectrum used to estimate coupling constants was measured with a spectral width of 9,012 Hz and a data block size of 27,000, so the digital resolution was 0.67 Hz per point. An unshifted sine bell was applied to the free induction decay NMR signal. Chemical shifts were referenced with respect to residual solvent signal (7.26 ppm).
For calculation of distance constraints, the rotating-frame Overhauser effect (ROE) data were collected by the 2D-TROESY (transverse rotating-frame Overhauser effect spectroscopy) pulse sequence of Hwang and Shaka (14, 15) with mixing times of 100, 150, 200, 250, and 300 ms, which is designed to suppress total correlation spectroscopy cross peaks. The spinlock pulse was 180°(x) 180°(Ϫx), with a field strength of 6,200 Hz. 2D-TROESY spectroscopy was performed with a spectral width of 5,273 Hz in the phase-sensitive mode (16) . A total of 512 blocks were acquired with data points of 2,048. Before 2D Fourier transformation, the acquired data were multiplied by a Gauss function in t2 and by a shifted sine square function in t1 and were zero-filled once along the t1 direction.
Conformational Analysis of Luminamicin. The preliminary NMR study of luminamicin (1) suggested that there are only two possible absolute configurations on a decalin ring system including C4-C13, i.e., the R, S, S, S, S, R, and R or the S, R, R, R, R, S, and S configurations at C4, C7, C9, C10, C11, C12, and C13, respectively (Fig. 2) . Therefore, we first prepared initial structures of the 16 diastereomers differing in the configuration at C2, C16, C28, and C29 for luminamicin with either of these two decalin configurations, using SYBYL 6.91 (Tripos, St. Louis). As a result, a total of 32 initial structures were prepared. Then, the conformational analysis of these initial structures was performed by using the program CAMDAS 2.1 (Conformational Analyzer with Molecular Dynamics and Sampling) (17) . This program, developed in our laboratory, generates the energetically stable conformations of a target molecule by performing the hightemperature MD calculation and sampling conformations along the MD trajectory. CAMDAS then clusters similar conformations based on values of dihedral angles defined before calculation. The following calculations were performed for each initial structure by using CAMDAS. Ten MD calculations were simultaneously performed by using different conformers. Each of the MD calculations was carried out for 1,000 ps with an integral time step of 1 fs. The lengths of covalent bonds were fixed with SHAKE algorithm through the MD (18) . The temperature of the system was maintained at 1,200 K to enhance the sampling efficiency. The Merck Molecular Force Field was used to evaluate the potential energy surface of the molecule (19) . To mimic the shield effects of solvent molecules on electrostatic interactions, the electrostatic potential term was neglected. The 14-methyl group was suggested to be trans to H15 by its 13 C chemical shift value of 15.1 ppm (20) . The H25 was also indicated to be trans to H26 on the basis of the large coupling constant between these protons of 13.5 Hz. Therefore, values of the dihedral angles of C13-C14-C15-C16 and H25-C25-C26-H26 were constrained to be 180°Ϯ 10°in MD calculations to keep their conformations trans. The constraint energy term was quadratic, and the force constants were 100 kcal⅐mol Ϫ1 ⅐rad Ϫ2 . Conformers were sampled at 100-step intervals, thus producing 10,000 conformations for each MD calculation. A total of 100,000 conformations were preclustered with a dihedral angles deviation threshold of Ϯ30°. A total of 37 dihedral angles were used to cluster similar conformations, which are indicated by arrows in Fig. 1 . Each of the conformers obtained after preclustering was then minimized until the root mean square (RMS) of the potential-energy gradient fell below 0.001 kcal⅐mol Ϫ1 ⅐Å Ϫ1 . The minimized conformers were reclustered with a dihedral angle deviation threshold of Ϯ30°, furnishing a final conformer set. All finally obtained conformers maintained chirality of their initial structures, although chirality restraints were not used in MD calculations. This result indicated that no inversion of chiral centers occurred during MD calculations.
Modified Mosher Method. 28-[(؉)-␣-Methoxy-␣-(trifluoromethyl)phenylacetoxy]luminamicin (2).
To a solution of 1 (9.9 mg, 16.1 mol) in CH 2 Cl 2 (800 l) at room temperature was added (ϩ)-MTPA (11.3 mg, 48 
28-[(؊)-␣-Methoxy-␣-(trifluoromethyl)phenylacetoxy]luminamicin (3).
Previous procedure was performed with 1 (8.9 mg, 14.4 mol), (Ϫ Torsional constraints were obtained by applying the Karplus equation to vicinal proton-proton scalar coupling constants obtained by the 1D proton spectrum with high resolution (21) . A proton-proton coupling constant Ͼ10 Hz was treated as indicating an anti H-H orientation and a dihedral-angle estimate of 180°Ϯ 40°. A coupling constant Ͻ3 Hz was considered indicative of a gauche orientation, i.e., Ϫ90°Ϯ 40°or 90°Ϯ 40°. The resulting torsional constraints are given in Table 1 .
To obtain distance constraints, 2D-TROESY spectra were measured with mixing times of 100, 150, 200, 250, and 300 ms. A plot of the volume of the cross-peak versus mixing time showed linearity up to 200 ms. Therefore, the proton-proton distance constraints were based on the integrated cross-peaks from the 200-ms spectrum. Fig. 7 , which is published as supporting information on the PNAS web site, shows a part of the 2D-TROESY spectrum measured with a mixing time of 200 ms. Volumes of the five nonoverlapping geminal proton cross-peaks were averaged and used for calibrating measured ROE volumes. A distance of 1.8 Å was used as a distance reference for geminal proton cross-peaks. This calibration yielded the theoretically expected value, 2.4 Å, for the distance between H5 and H6. Distance constraints were classified into three categories corresponding to 1.8-2.7, 1.8-3.5, and 1.8-5.0 Å, corresponding to strong, medium, and weak ROEs, respectively. For the distance constraints related to methylene protons at C27 (H27 a,b ) , of which chemical shifts are overlapping, or methyl protons of 2-methoxy, 10-methyl, or 14-methyl groups, carbon atoms attached to these protons were used to estimate target distances. In such a case, 1.0 Å was added to the upper boundary of the constraints (22) . For example, the strong ROE observed between H4 and the 14-methyl group is converted to a distance constraint between H4 and carbon atom of 14-methyl group (14MeC), the range of which is 1.8-3.7 Å. A total of 43 distance constraints were obtained as shown in Table 2 . Table 3 lists the number of energetically possible conformers obtained from CAMDAS calculation for 32 different configurations. About 2,500ϳ3500 distinct conformers were obtained for each configuration. Then, we calculated RMS deviations for all conformers generated by CAMDAS to determine which configurations can adopt conformers accommodating the distance and dihedral constraints. All distance constraints were treated with equal weight, although they were classified as strong, medium, and weak. For constraints including nonoverlapping geminal protons (3-, 8-, 17-, 19-, or 20-methylene protons), careful analysis was done when estimating target dihedral angles and proton-proton distances. For example, H3 a (2.49 ppm) is included in a total of four constraints, i.e., two dihedral constraints and two distance constraints as shown in Tables 1 and 2 . The proton corresponding to H3 a should simultaneously satisfy all of these four constraints. Because we cannot establish the stereospecific assignments on 3-methylene protons (H3 a and H3 b ) in advance, we first need to consider all combinations when estimating target dihedral angles or target proton-proton distances. For example, we first estimate a total of four dihedral angles, i.e., two dihedral angles are combination between H2 and two 3-methylene protons, and other two are combination between H4 and two 3-methylene protons. Then, we determine which of two 3-methelyne protons can simultaneously satisfy two dihedral constraints included in Table 1 . The identified proton can be considered to correspond to H3 a (2.49 ppm). Next, for the identified 3-methelyne proton, we estimate two target distances related to H3 a (2.49 ppm) in Table 2 . The similar procedure was also performed for the constraints on 8-, 17-, 19-, or 20-methylene protons. Table 3 includes the smallest RMS distance deviations obtained for each configuration. The conformers satisfying all experimental constraints were found in only two configurations. For luminamicin with the R, S, S, S, S, R, and R configurations at C4, C7, C9, C10, C11, C12, and C13, respectively, C2, C16, C28, and C29 should have the R, R, S, and R configurations, respectively. On the other hand, for luminamicin with the S, R, R, R, R, S, and S configurations at C4, C7, C9, C10, C11, C12, and C13, respectively, the results embodied the S, S, R, and S configurations at C2, C16, C28, and C29, respectively. Obviously, the former configuration is an enantiomer of the latter one. This means that NMR constraints could not distinguish between enantiomers. This was an expected result, because distance and dihedral constraints can provide only relative structural orientation. The final determi- nation of absolute stereostructure of luminamicin was done by using the result of the following modified Mosher method. Table 4 , which is published as supporting information on the PNAS web site. The ⌬␦ values for H 3 -14-Me, H-16, and H-29 were negative, whereas positive ⌬␦ values were obtained for H-26 and H 2 -27, thus indicating an R configuration. The absolute configurations therefore at C2, C4, C7, C9, C10, C11, C12, C13, C16, C28, and C29 of 1 were assigned as S, S, R, R, R, R, S, S, S, R, and S, respectively.
Determination of Absolute Stereochemistry of Luminamicin.
This configuration is the same as that found in nodusmicin (7) and nargenicin (8) , which have a chemical structure quite similar with luminamicin (Fig. 4) .
Description of the 3D Structure of Luminamicin. The process described above led to a set of two energy-minimized structures for luminamicin, which have Merck Molecular Force Field energies of 135.6 and 142.1 kcal͞mol, respectively. Fig. 5 shows stereopairs of the best-fit superposition of the heavy atoms for these two structures. The structures only differ with respect to the orientation of the 2-methoxy group. As shown is Fig. 1 , luminamicin consists of three different rings, i.e., a decalin, a 10-membered macrolactone, and a 14-membered macrolactone. The earlier NMR study described only the stereochemistry of the decalin ring (Fig. 2) . Both C3 and C14 of the 10-membered macrolactone ring occupy equatorial positions relative to the decalin ring, as indicated in Fig. 2 . The two strong ROEs between H4 and 14-methyl group and H12 and 14-methyl group conclusively established the spatial orientation of the 14-methyl group. It must be on the same side with H4 and H12 of the decalin ring. The configuration of C2 was well defined by the ROEs between H2 and H4, 2-methoxy group and H27 a,b , and 2-methoxy group and H25. These ROEs result in the 2-methoxy group oriented to the 14-membered macrolactone. The 10-and 14-membered macrolactones were clearly found to be cis-fused in this study, because critical strong ROEs were observed between H16 and H29, H16 and 14-methyl group, and H29 and 14-methyl group, indicating that these protons are on one side of the molecule. Both of H17 a and H17 b have gauche orientation relative to H16, because both correlations of 16H to H17 a and H17 b are strong in the TROESY spectrum. The small values of J 16,17a (Ͻ1.0 Hz) and J 16,17b (Ͻ1.0 Hz) are also consistent with these gauche orientations. The orientation of olefinic group (C25 and C26) was established by the strong correlations of H25 to H20 b and H27 in the TROESY spectrum. H25 is oriented inside the molecule and H26 is turned outside. The stereochemistry of C28 was determined by the strong ROE between H25 and H28, resulting in the 28-hydroxyl group oriented outside the molecule. The resulting 3D structure of luminamicin shows an interesting feature that the maleic anhydride functionality in conjugation with olefinic group of the 14-membered macrolactone is nearly perpendicular to the plane of the decalin and 14-membered macrolactone rings, as shown in Fig. 5 .
Luminamicin has two hydroxyl groups at C11 and C28, which are expected to react with (R)-MTPA or (S)-MTPA. However, it appears that these reagents can react with only the 28-hydroxyl group. With respect to this phenomenon, we have obtained some relevant information from the 3D structure of luminamicin. As shown in Fig. 6 , two hydroxyl groups at C11 and C28 are placed on one side of luminamicin. In addition, the 28-hydroxyl group is more exposed to the solvent, because its solvent-accessible surface area (36.9 Å) is larger than that of the hydroxyl group at C11 (29.7 Å). Therefore, we can consider that the reagents appear to more easily react at C28, and the (R)-MTPA or (S)-MTPA ester group attached at C28 most likely hinder the reaction occurring at C11.
In conclusion, the absolute stereostructure of luminamicin, an anaerobic antibiotic, has been determined by using the conformational analysis via high-temperature MD, NMR spectroscopy, and the modified Mosher method. Luminamicin (1) could be a new lead for medicines to compare with vancomycin, which is used clinically in pseudomembranous colitis therapy.
